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NEW MEASUREMENTS OF THE FLUCRESCENCE EFFICIENCY OF AIR
UNDER ELECTRON BOMBARDMENT

by

Paul L. Hartmn
Department of Physics
and
Iabaratory of Atomic and Solid State Physics
Cornell University, Ithaca, New Yark

ABSTRACT

The fluorescence efficiency of air under electron bombardment ;has
been measured at a pressure carresponding to an altitude of 65 km, for
electron energies near 770 eV, with the principal measurements at the \
bright 3914-} band of the Mg fon. Efffciencies for the 3yli-A band from
twvo methods of ocbservation were in gool agreement, and gave a value
Teei14 = 0.34%, Spectrs were cbtained for air emizsion in the range 2500
tn 12,000 k. Comparison of the radiation in the 391-} bapd to that in
the vhole spectrun gave & total efficiency of Ry 0., ™ 1.86% far this
spectral range. Efticieacies of some inlividual bands of the Ny first
and second positive systems were also determined by camparison with the
391k -4 band.,

The 3914~} efficiency, for elecuron energies of 165 2V to 1 keV,
wvas found to be nearly independent of cnergy, rising perhaps a:s the
0.07th power of the energy in this range.

The dependence on pressure of the light ocutmut in the spectral range
3000 to 11,000 A waer cbserved far electron energies of 750 and k25 eV
aid pressures nf 30 to 9601;‘. The efficiency of the 391h-} band 1s inde-
perdent of pressure below 100 4. Above 100#‘{;; efficiencies of the rg ¥
first negative and Np first and second positive bards decrease with in-
creasing rressure, the first positive decreasing most rapidly and the
second positive least rapidly. ;ntensities of some N; Meine]l bards were
campared with the first positive "(0,0) band at pressures of 1 to 50 u in
nitrogen and 8ir. The intensity of the Meinel bands relative to the
first positive band increases by an arder of magnitude in going from ni-
trogen pressures of 50 to 1.

As a check on the photometric techniques, the cross section for ex-
citation of the 3914-k band by 750-eV electrons vas measured and found to
be in good agreement with results cbtained by Holland.” Some ele:tron
range meesurements also gave results in agreement with previous work.




INTRODUCTICH

During 1960 and €1, the writer was privileged
to spend a year at the Los Alamos Scientific Iabors -
tary, at which time he obtained some preliminary re-
gults on the fluorescence efficiency of air under
electron barbardment., A meeting paAper was presented
on the work,® and & IA..MS repart wvas written,” but
no further publication was made. The work was to be
continued, but circucstances prevented this. With
another sabbatical year aveilable during 1966 and
67, 1t seemed appropriate to return to Los Alamos
and attempt to bring the wark to some ratisfactory
conclusion. This report surmarizes the year's wark
and presents the resulis obteired on the efficiency
and other related matters,

RESUME CF THE 1960-1 RESULTS

The prelirinary efficiency results were ob-
talred in three ways. Each method involved firing
an electron beam of kuown current amd energy into a
sizable volume of air so that all the beem energy
was expended in the gas. An intepration then deter-
mined tihe total lignt output. Dete” uining the beanm
charactericcics is a problem in physical electronics,
and integrvating the light to determine to vhat power
it corresponds is & woblem in photometry. The
three rethods differed principally in the way in
which the light was integrated,

The first method mede use of an optical inte-
grating sphere enclosed in a large vacuum ~hamber. -
The electron beam was injected tirough & purt in the
sphere, and the energy was deposited in air within
it. Protometric measurerents were made at a window
looking in to the white interi.r surface of the
sphere.

In the second method, the electron heam was
fired into the same vacuum chamber without the large
integrating sphere. A small integrating sphere and
photcdetectar were swung arourd the periphery of the
glow so that the open part of the sphere, facing the
glow, moved along a meridien circle with the beam
directicn as axis. 3ampling each zone of latitude
in this menner allowed & determination of the total
amount of light leaving the glow.

Finally, & third method, which evolved in mre-
liminary studies, used & cylindrical glass bell jar.

The beam was injected intc the bell jar, and the
rhotometric detectar placed at a great enough dis-
tance that one might vreat the glow as a noint
source. The geometry of the setup determined the
fraction of the light received by the detectar, amd
thus one could derive the total. So the bell jar,
besides serving its original purpose as & means of
studying the characteristics of some of the problems
in the wark, also offerea an atiractive alternative
method for the specific efficiency measurement.

The photometry in 811 three cases was done with
unfiltered photormltipliers., Their response as &
function of wavelength was determined by exnoswre to
radiation of various wavelengths whose iatensity was
determined with a thermopile., When the detector was
exposed to the glow, one had to determine what frac-
tion of the photocurr=nt came from the various spec-
tral feetures in the light., This was done by raking
spectral scans of & glow roduced in the bell jar.
The detectar looked at the bright part of the glow,
at clese range, through & monochrometcr whose trens-
mission was separately determined. These operations
permitted determination of the efficiency at any
spectral feature included in the range of the detec-
tars.

Determining the input beam chara~terisiics was
not easy, particularly for the optical integrating
sphere, with its insulating surface. Both far the
sphere and to some extent far the bell jar, problems
were encountered in the input current measurement.
To alleviate the difficulty, a positlve bias of 22 V
was applied betweenu the sphere and the gun injection
tip to mevent slow electrons from escaping to the
gun tip. This will be discussed later.

The values found for the fluorescence efficiency
of tue 391h-A N; first negative vand i{n air were as
follows:

Method Topie
Bell jar 0.26%
Integrating sphere 0.29%
Scanning detector 0,43¢

for an average of 0.33%. A total efficiency far the
spectral region from 3000 to 11,000 A was about 1,8%.

The 3914-} bard average velue was higher then
that cbtained from simple calculations® using

o
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Fig. 1. Essentitls of the large vecuum system and integrating sphere.

published electron excitation cross sections.* A
calculation based on mure recent cross-section meas~
urements> yields a still higher efficiency, but the
inference of better agreement between the efficiency
and cross-gection measurements has been criticized®
as wnarranted. Because of these unresolved gues-
tions and the meliminary nature of the results, it
seemed apmropriate to arrive at a reifabls value,
making the vest corrections that one could.

THE HEW MEASUREMENTS === 1966-7

We decided not to use the scanning detectar in
making the new measurements; it was slow snd awkward
and gave & higher value then the other methods. The
obher two methods would be used, with emphasis on
the optical integrating sphere.

APPARATUS

The large vacuum system enclosing the integrat-

ing sphere is the one used befare; fitted with new
pumps, traps, and valves. Tt is shown diagrammati-
cal'y in Fig. 1, taken from the earlier repart. The
sphere is of spun 8luminum, >4 in. in diemeter, and
fits closely in the encleosing vacuws chamber. A
well-perforated alignment sleeve between the gun and
the sphere provides a stage of differential pumping.
An insulated, blackened tube, vacuum-sealed to the
sphere and outer window, prevented pumping through
the observation port. Insulating fittings, also
vacuum-setled at the sphere and outer wa.l, allow
for gas leak, messure measurement, and pump connec-
tions into the sphere. A single metallic connection
at the same location permits measurement of the net
current into the sphere, Windows along the sides of
the vacuum chamber allov measurements and observa-
tion from the outside when the ephere 1is removed.
Coils spaced between these windows allow a magnet ¢
field of up to 100 gauss to be imposed on the glow.

ey




New instmmenvacion included a reiiable pres-
sure gauge (a continuously recording capacitance
manameter); a reproducible commercial vacuum leak;
a dc electrometer amplifier to read phototube cur-
rents; provision for chopping the el:ciron beam in
some Applications; and a synchronous detectar far
low signal measurement in the presence of noise in

these same applications.

Four different types of photomultipliers
used: two covered the visible >ange; one extended to
2500 A in the ultraviolet; an. the fourth covered
the range 3000 to 12,000 I8 Commercially made pho-
tomiltiplier coolers were used on all of these
In the beginning they vere cooled with dry
ice and, later in the work, for loug term stability,
with cold dry nitrogen gas boiled fraom the liquid in
a large Dewar vessel into which a heater had been
drcpped. Thermocoaple monitaring allowed photoamil-
tiplier temperatures to be held approximately con-
stant at sbout -85°C. Thie was important in the
particular system empluyed far keeping the photo-
multiplier sensitivity constant.

ere

tubes.

Tne monochromtar used with any of the photo-
multipliers as an entire deteciar unit had a smil
vhite diZfusing screen mounted at one side of its
exit slit, This screen was i1lluminated through a
reproducibly mounted flexible light pip» by a small
incandescent lamp operating at constant voltage from
a stabilized dc supply. The voltage was constant to
about one part in a thousand. The lamp was mounted
inside a turret vhich movided foar the interposition
of neutral-density filters ar a shutter between the
lamp and the end of the 1light pipe. The voltage on
each photamiltiplier wes maintained such that, with
the aprromriate neutral-density filter in place, an
arbitrary 0,5 -uA current was always shown by the
detectar at the teginning and erl of any glow ar
standardizing source photometry.
tars were exposad to the whole raliation from the
lamp, which was brightcst in the red, photomalti-
plier temperatures were kept constant to prevunt
suspected small shifts in their long wavelength
threshold. Since 39110-}\ photometry wvas involved in
rost of the wark, perhaps the neutral filters
should have been repliiced by blue “ilters of various

Because the .etec-

densities. Whether any variation in the exierimen-
tal results is to be attributed to veriation in pho-

tomulviplier sen:itivity arising from shifts in
wavelength threshold is not known.

(otaining a suitably white and rugged coating
for e interiar of the sphere required considerable
e:.urte The mevious coating, a mixture of water,
mgnesium axide, and a little carboxy-methyl-cellu-
lose as a binder, was not uniform and was slightly
yellow, mrobably from too much binder.
coating, sprayed from & small gun, was a slurry of
mgnesium oxide in chlarofarm in vhich sue lucite
shavings had been dissolved and into which some
lumps of dry ice were dropped during the spraying to
chill the mixture and keep it interspersed. This
coating, applied directly to the burnished aluminum
sw'face, was adequately rugged and showed very good
optical characteristics in reflectometer tests. It
did, however, show furtlier optical gain when over-
The smoke adhered
well .. the undercoat of magnesium oxide.

The nev

smoked with burning megnesium.

To provide faor collection of charge injected
into the sphere, strips of the metal surface were
left bare. Since the brightest part of the glow oc-
curs in the vicinity of the sphere polar region at
the gur, since the standardizing radiation for cali-
bration is directed in on the polar region opposite
the gun, and since all photometer measurements are
made against the sphere surface opposite the window,
these reglons were very carefully coated and no net=-
al was left bare neur them.

LI S s

The bell Jar (still referred to &s such in spite
of considerable dissimilarity) used in the new meas-
urerents is shown schematically in Fig. 2. It is a
stainless steel bax 12 in. high, 15 in. wide, and
18 in. long, with large openings at two sides and one
end., The sides and end are closed uy plates of elther
metal or quartz, vacuum sealed by O-rings. Except for
the observation window, all interiar swrfaces wern
heavily blackened with acetylene sooct, The gun is
at the closed end of the box. The top and bottom of
the box are well perforated with smaller vacuum-
sealed openings to allovw meking various measuremerts
with the chamber. The main pump hangs below the box,
separated from it (in arder from the pump) by & cold
trap, 2 large vacuum valve, & Tee connection to the
gun, and a thin butterfly valve. During measure-
ments, the butterfly valve is closed so that the
chamber is pumped only through the small arifice

R NI it stnsot s ot
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Fig. 2. Bell jar apparatus.

between gun and chamber through vhich the slsctron
beam 1s injected. Gas leakage intc the system is
provided by a commercial leak valve. Pressure meas-
urenents are made ucing the electronics of the pre-
viously mentimned capacitive manometer, connected to
a separate ca aciiance head fixed to the system.
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Coils at each emd of the bax allow fislds of up to
50 gauss to be imposed over the volume (see Fig. 2).
3maller coils in the planes of the sides of the box
permi{ compensation of the earth's field to keep the
besm on the bax axis.

BEAM CURRENT MEASUREMENT

From the beginning of the mroject, measurement
of heam current, perticularly in the integrating
sphere, was difficult. Even with an apparer..y nuc-
ml glow in the sphere, the currents leaving the gun
and those entering the sphere (which can te mtered,
and should be equal) were both very low. By bissing
the svhere relative to the gun head inserted into
it, ore could make the currcnts positive, negative,
ar zero. Evidently slow electrons and fons produced
by the primary beam cause the variatiun. Character-
istics of sphere current and light output vs sphere
bias are shown in Fig. 3. Note *hat the light c.i-
put 1s nearly indeperdent of the sphere bias. The
current characteristic drops below zero {positive
cuxsent to the cphere) at negstive bias as slow sec-
ondary electrons, far more abundant than p-imary
electrons, are repelled from the sphere to be col-
lected by the inserted gun head. Beyond the shoul-
der of the curve there is a slow rise, presumably
because of the rejection of ions by the srhere. In

CHARGE FLOW TO SPHERE |, .A)

(b)

= SPHERE CURRENT

=== RELATIVE LIGHT
140 OuTPUT
Wwot— 4o — L i S = | I {
-60 -40 -20 0 20 <0 60
SPHERE BIAS{VOLTS)

®)

Fig. 7. Sphere bias characteristics for (a) 104A and (b) 100-4A beams (current assumed correct at

22.1/2-V bias).




the steep fall-off, the current 1s very unstable,
rrobably because i this low bias region the slow
elecvron flow 1s greatly influenced by the potential
distribution over the insulating wall and vime is
required for equilibrium to te attained. The wall
coating potential 1is r:. grea.ly different from that
of the underiyinz .etal,

In initial measurements, cwrrent readings were
made with a positive 22.V bias applied to the ! phere,
tie gun being grounded (through & meter)}. Twi3 op-
erating point 1s well removed from the "shouider."
Since at 22 V the cwrrent characteristic is still
slowly rising, this mey not be the correct proce-
dure. Perhaps some other bias would be mare apmro-
priate for .ae current measwement, or perhaps the
rising characteristic should be extrapolated back to
zero bias., (There was less uncertainty in the cur-
rent measurement when the beam was injected into a
metal chamber, ar at leas. one with large metal
areas such as the cylindrical glass bell jar witu
grounded metal ends.} Measwrement of the current to
a srell grouded plate near the gun tip shows that
when the sphere gots 8bout 4 V positive, the current
to tne plate (and mresumoly that to the gun tip)
hecames zero. Floating potential measurements of
this rlate and of the sphere itself indicate alout a
L.y difference between them and the gun tip. Numer-
ous other tests indicate that & bias of asbout 4 V is
more appromriate than the 22 V used initiallv,
whether the value is independent of beam current and
energy 1s not certain. The light ~utput and beam
current measured at different values of rphere bias
are most nearly mropartional at lov values, and show
a higher power depsrdence at higher biases. In lat-
er .easurements we operated <lose to the "shoulder"
of the current characterisiic--at abcut 4 V--and al-
lowel a small annulrr electrods rlaced in front of
the gun nozzle to float. The floating electrode re-
ccived no =i current and helped frovent the flow of
charge back to the gun. 1In calculating efficiencies
from cbservations msde with the sphere bias at 22 v,
the beam current was narrected to that expected far
4=V bia- bagsed o: .urrent characteris’ cs like
those disginyed ir Tig. 3.

One rather repar-able experiment pointnd up
the difficulty of current measwrement. A bx made
entirely of lucite, except for the fastening screws

(vhich did a0t peretrate the walls), was mounted in
the bell jJar up against the gun tip. A small hole
at the gun arifice and a large hole in the top for
pumpout, closeable by & lucite flap, were the only
openings in the box. At low accelersting voltages
(below 250 V) and at jwressures comparable to ti e
used in the fluarescuvnce measurements, no current
from the g n wvas detected and apparently no beam was
injected, since no normrl glow was cbserved. (A
faiat red plov seen near the gun port was apparently
unaffected by the magnetic field. 1t is not under-
stood.) With the top flap open, & normsl glow ap-
peared in the box, a red glow appeared in the hole
at the tup, and the gun current metsr readins cecame
abou’ narmai. At higher voltage, with the 4op hole
either open or shut, there wvas a normel-looking glow
in the box. Very little beam current was indicated
until the top hole was opened, then thr red glow ap-
peared and the main flucrescent glow increased
slightly in briminesc and extent. With the top
hole closed there was clearly enough charge flow
back along *h= beam %o balance the charge injection
into the volume.

Although considerable time was spent in trying
to improve the current measurementr, not all the
factors are thoroughly understood nor are criteria
esteblished for determining the true injected cur-
rent under all conditions of pressure, beam current,
and electron energy. Fortunately, tbe fluarescence
measurenents vere made primarily at one energy and
one pressure for which we are reasongbly su~e that
the methoad used io determine the injected current is
carrect.

PH(OT QMETRY

The pho.ometric procedures; 1.r the integrating
sphere and the bell jar were essentially the same
and are indicated schematically in Fig. 4. An £5,
50-cm Bausch and Lozb ionochromator, modified for
scanning over wavelength with a belt drive powered
by & multiratio gear box and a synchronous motor,
was used, The light iun the glow, within a certain
“andwidth aid at a particular wavelength, was com-
pared to the light in the same bandwidth and at the
same wavelength from a standard source, sifter-
ences in procedure for the two sysiems, caused by
instrumental depArtures f{rom the ideal, are mostly

S —
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No characteristics of
individual components enter except in corrections;
the sphere (or bell jar), monochromeiar, apd detec-
tar are treated as one optical element. The system
response to & lmown amount of rediation from a
standard lamp is determinad and used to determine
the amount of radiaticn from the unknown source mo-
ducl , & measured amount of output current. The
monochramtar position ard slit width are not
changed between the tv, measurements, and the photo-
multiplier sensitivity 1s kept fixed. The grating
area is comfortably filled by the observation part.

in the correctlons applied.

Far the calibrations with the sphere, the vac-
uum system 1s brought to atmospieric mressure and
the gun is removed, exposing a 3/i-in.-diam aper-
ture. The back polsr resion of the sphere is 1llim-
inated by a standard tuns sten-iodine sgurce placed
43 em from the aperture ani operated under specified
ccrditiins. The photocurrent is recorded as a mono-
chromator scan is made over the desired spectral
range. Blocking filters are used where necessary to
remuve second-arder light. A similar scan is then
made with a fluorescent glow present in the sphera,
Spectral irradiap~e dats supplied with the standard
lamp allow determination of the power in the glow.

Carreccions are necessary far a number of rea-
sons. During efficiency measuroment: with the in-
tagrating syhere, there is always scme flucrescence
in front of +he window. The contribution of this
fluorescence rint he subtracted firom the cbeerved
signal. Alsc, the sphere surface seen through the
observation vinmdcuy receives light directly from the

dirfuse glov in the volume, whereas in the measure-

LELL JaR FIELD

DIRKCT LIGHT FROM BRIGHT = waz o 20
L R 3
EN L
BRIGHTER GLOW BYFORE WINOOW —~— MONOCHAOMATOR
POLAR S oS, wauL
REG:ON - ¥ '\__"7' 4REA
A S OPEN APERTURE C° 288 om? oo
T e T T DL LU/ WHEN GUN RIMOVED
o DRECT LIGNT, - — oo oo - T
3 GLOW / 43cm =
HLUMINATING OBS
\ WALL ARFA ()
N
T SPHERE /
Fig. 4. The photometry of (a) intograting sphere

axd (b) bell jar. {c) Calibrations anmd
carections in sphere,

ments with the standard lamp it is 1lluminated only
by 8t lzist once-reflected light. Iastly, that area
illuminated by the standard source has higher re-
flectivity than the aver. e for the whole sphere.

The carrection far 'the flucrescent glow befare
the windov is found by locking at the glow (with the
sphere removed) against & tlack sizface on the far
wall of the chazber,
varies vith pressure and beam energy, but typically
1s about 4%, To mAke the other carrecticns, one
must know the aversge reflectivity of the sphere and
the relative intensities of direct amd reflected
light falling on the observed area, This depends om
the source pusition, and is determined by moving a
small) lanp through the sphere. The lamp envelope is
diffusely trapsmitting (for wuifc 4ty of i1llumina-
tion), and at its base 1s & smAll u; itened mesk.,
Iamp and mask are mounted at *he end of u long rod
so that when the rod is turne., the observed area
sees first the lamp and then the mAsk. The illumi-
na’'ian on the area far the two lamp arientations
gives the contribution of direct light relative to
that of 1light diffusely refle-ted to it. With the
lamp at the center of the sphere, the twc readings
give the averuge reflectivity of the sphere. The
glow 1s not uniformly distributed, so the necessary
carrection varies throughout the volume, Not know-
ing the glow distribution and wishing to avoid a
very complicated ‘ntegration, we obtained the posi-
tion of the center of gravity of the glow from pro-
Jected photo=tri- rlots of & similar glow in air at
atmospheric pressure publi..cd by Grun.” The plots

The carrection, of course,

were scalel up by the ratio of the ranges in the two
cases., The carrection for the directly reflected
light was that which would ve applied for 2 source
located at the calculated center of gravity. While
not exact, this seems a reasonable approach. The
carrection depends on the quality of the sphere
coating, and varied in this vwork from 10 to 1%,

The correction foar the better-than-average reflec-
tivity of the brignt polar region is only about
1/2% and 1s straightforward, taking the reflectivity
over that region to be about $8%.

For the bell jar photometry, the monochromtar-
detectar 1s moved far enough away that the 18-in.
length of the bax, as projected through the entrance
8l4t, f£11ls the width of the grating. The correc-
tions in the measwcements &re again neccssitated by

9



nonunifors source distribution and nonuniform re-
aponse of the grating-photammltiplier cambinetion to
light from different parts of the glow. Having made
the flucrescence measurement, where does one place
the standard source for the calibration? We Jdeter-
mined the center of gravity of the glow as seen by
the monochromator-detectar at the wavelength in
question. This was done by taking maments of the
spectrometer currents recarded while a slot was tra-
versed horizontally and vertically across the window
in front of the glow. The standard source was then
lccated in the median vlane at the position so de-
termined. This can not be cxactly carrect, far one
cen imagine the extreme case in which, with the lamp
at the center of gravity, *he lig.t projected from
the nearly point stariard source 1alls on 8 "dead"
spot on the grating. The grating was foumd to vary
smoothly over its surface at 4000 } (it is quite
different at 8000 k) 8o the errar 1s aot large.

A difficulty in the bell ’‘ar calibration ap-
pears because the standsrd sowr~e is 80 bright that
inardinately large pnotocurrents might be drawm from
the phctonmltiplier. This was avoided by reducing
the gain a sget amount throush refsrence t0 the sig-
ral produced by the senzitivity ronitor lamp. To
further relieve this problem, a seutral-density £il-
ter was usel in front of the entrance slit of the
monochromatar in both the calibration apd efficiency
measurements.

FLURESCEICE EFFICIENCY MEASUREMENTS
Tanis

The Tluorescence efficiencies were detarmined
rrincipally &t 704 dry labaratary air pressure
{corresponding to 65 km altitude) and at an electron
energy of about 750 eV. (In the bell jar they were
deterrined at 670 eV with a 25-gauss applied fieid,
set to prevent both wall and end losses.) A great
many measurements involving all four phchomultipli-
ers in both systems have been made. Emphasis was on
the 3914-} fluorescence. The usual technique vas to
allow the nonochromatar to scan slosly over the mo-
lecular bead, recarding the output photocwrrent.
Event marks were .ade manually at the side of the
trace every 50 A. In calibration, a similar scan
was mede of light from the standard lamp. Wave-
length marks on the two records were ratched, and

~0

the lamp signal was read at the position correspond-
ing to the peak of the fluarescence sigmal. In meny
instances the monochromator was simply set at the
peak wavelength, and the response to the lamp cb-
tained at that roint only. The area of the fluares-
cence band was determined by planimetry of the ph«
tocurrent trace. These data were converted %, use-
ful units by plaaimetry of & rectangls .o meny mi-
croamperes high and angstroms lo~, on the chart.

The power in the banl is dz*srmined from the re-
sponse to the known svundard radiation. From thi
and from the kn.»a energy input in the beam, the ef-
ficiency i+ obtained. The spectral bandwidth is not
needzé pecause the slits were not changed between
r:asurererts vith the two sources, but for most of
the measurcrents it was about 66 A. A typical bamd
rofile 1s shown in Pig. 5. Becauce of the changing
response of the photomltipliers in this region (the
response was assumed constant for the efficiency de-
termiration, and equal to that at the band center),
the actual profile of the band near the base could
be different from that shom. To determine a bound-
ary for integration, the line profile vas brought to
zero on the sucart wavelength side immediately below
the valley point, as shown by the dashed line in the
figure. This probably underestimates the area on
this side, and the live should mrobably be brought
through & point halfway between the valley point ard
zerc (&8 shown by the dotted line). On the long
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Fig. 5. Typicel 3914-} scan (with 60975 photomulti-
plier). Dashed line at base indicates en-
velope measwred by planimetry. Dotted line
indicates mare probable real envelope on
shart wvavelength side, Dash-dctted narrow
profile is a 10-} resolution scan of band.
Shaded areas are compensating error arzas
indicated to justify method of approximat-
ing area of bard.
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wavelengih side there is no clean criterion to ap-
Ply, so thz line was brought to zero under the
slight inflection point (dashed line).

No correction for energy lost from ths beam be-
tveen the gun anode and the sphere has been made in
any of the wark. This loss caanot be serio\.xs in any
runs except sore mede at high pressures for vhich
the range 1s only an inch or so and the distance
times pressure traversed by the beam in reaching the
sphere i:c very apprecilable, Two other carrections
have been made in the labaratary work. The first is
fairly large ani is inferred by sowewhat indirect
means, This i1s & loss of light in the laboratory
system that would not occur in the upper atmosphere,
in that "back-scattered” electrons collide with wall
surfaces before all their energy {s experded in the
gas. Use is again made of Grun's’ photometric coa-
tours of a glow produced by high energy electrons in
air at atmospheric pressure, and of his plot of in-
tegrated light vs distance from the injection noz:le.
This nozzle, being caonical, allows him to cbtain
some light behind the iijection plane. From plani-
metry of his published plct, ome infers that at
least 2.3% of the light occurs behind this -)lane.
From the photametric plots ove can estimate the ra-
tio of this light lcss to the loss to & spherical
surfacz the size of our integrating sphere, scaled
down in the ratio of his derived range to that ob-
tained in some of this work six years ago. In the
rresent experiment with the integrating sphere this
light loss {s about 11¥. For the bell jar it is the
2,3%. No great accuracy can be clalmed for either
of these figures, That for the sphere ma; be some-
vhat large in view of recent range measurements

which indicate that the assumed renge is too long.
In any event, our experimental efficiencies are in-
creased by these factars.

Whether another correction should be made de-
pende on vhat is wanted from the measurements. If
one wvants to know the efficiency for a practica) de-
tectar with a bandwidth of 60 k monitoring the upper
atrTosphere, a correction will not be applied. If
one wants the efficiency for the production of light
only in the 391k-}, first nesssive (0,0) band of N3,
a correction showld be applied, for in the present
measurements this banl {8 completely unresolved from
the 388:-} (1,1) band, From a high resolution scan

over the region nmear 3514 1 mae by Holland in this
LAboratory, it has been determined thet ~ 5% of the
light in the two bands is contributed by the 3884-3
bacd. In the results to be quoted, both this and
the preceding corrections have been made.

From nearly 130 scans made over the band in the
integrating sphere, including all the corrections
cited atove, an average efficiency of Thgis = 0.337%
vas derived with a atatistical accuracy of about 1%.
This is grea’ or accuracy than can be claimed for the
actual valus Quoted, in view cf the uncertainties {u
some of the corrections.

e reductions of the scans pade with the bell
Jor are almost the same, differing a Jittle only in
the calibration. Instead of admitting & knowm
amount of calibrating light into the system through
& known aperture, one calculates the total power per
10-} taniwidth that would be radiated by the stapd-
ard source, if it radiated the same isotropically as
in the direction prescribed for its use. The sigmal
comparison then gives the power that the glow redi.
ates in & Ly so0lid angle.

From about 30 scans made with the various pho-
tomltipliers and the bell jar, an efficiency value
of Thows = 0.350% is derived witih a little less than
2% statistical accuracy.

To obtain the best efficiency alue statisti-
cally, one should probably wveight the integrating
sphere result about three times as heavily as the.
of the bell jar. BEut becavce of the size and uncer-
tainty of the corrections applied to the sphere re-
sults, one 1s inclined to weight them about equally.
This leads to a final value of Thgis = 0.343% end
the belief that this value is good possibly to 5%,

Total Fluarescence Efficiency

A number of scans of the fluaorescence in the
spectral renge 3002 to 11,000 A have been made with
the “‘ntegrating sphere, using the red-sensitive pho-
tcaultiplier. Blosking filters were used wvhere nec-
essary to eliminate second- or third-arder light.
To carrect for light contributed to the glow scan by
the gun filament's shining into the sphere, a single
scan of this light alone was made for each run.

This signal vas subtracted from the glow scan. A
similar calibrating scan of the stapdaxd lamp

redlobis




radiation vas made for each run. In each run, &n
average of two or three lamp amd fluorescence scans
vas taken. From the standard lamp scan and the data
supplied with the lamp, the response (uW/10 A-uA) of
the detection system vs wavelength was plotted.
From this response and the fluarescence scan reduced
by subiracting the filament light contribution (each
carrected for base line drift, scattered ligit con-
tribution, and any appreciable photamultiplier sen-
sitivity change), A power plot of the fluureecence
spectrum was drawa. Planimetry provided the power
ratios in various parts of the spectrum--in particu-
lar the ratio of the power in the combined 3914- and
3684-} bands to the total. A subsequent scan and
calibtration with the ultraviolet photomultiplier
made possible an extension of the spactrum to shart
wavelengths. Using & chopped electron beam and ac
synchronous detection, the spectrum vas extended to
12,000 A. Direct current calibraticn ¢ it to this
vavelength wvas possible by careful subtraction of
scattered light contribution. Deta on the standard
lamp were cbtained by extrapolation from the region
pelow 11,000 L. Each of these spectrum extensions
was normslized at a strong band coomon to the usual
scan and the extension. This required only a small
ad justment, but it means that the absolute magnitule
of the sensitivity for the long end short wavelength
scans is essentially based on the br4ter calibration
in the central region, vhile the wavelength depend-
ence of the sensitivity is determined by the exten-
sion calibrations.

In determining the total efficiency we assume
that the correction for fluarescence in front of the
window 18 the same at all wavelengths as it is at
2914 R, eand that the carections for the differences
in illumination of the magnesium axide surface of
the integrating sphere are also independent of wave-
lergth. This is not actually so since the reflec-
tivity involved in these carrections does change
with wavelength. Within these limitations, one de-
rives (for four separate calibrations and spectrum
scans) ratios of the power in the 3914- and 3884-1
bands to the power in the spectrum, fram )00(\1;0
11,000 A, of 0.200, 0.19, 0.205, and 0,202 for &n
average value of 0.201. Adding %he smll am of

—
1ight in the extensions to long and short "th” photomultiplier, where some separation of components

one cbtains a tatal efficiency, over the regicn

12

2500 to 12,000 k, of n, - 1.86%.

Efficiencies in Other Bands

Efficiencies in selscled spectral features
other than the 3914-} band vere obtained as ap af-
terthought in the total efficiency Aetermimatian.

In each of several spactra, areas cf the bhanis of
interest vere measured and compsred with the area
of the 3914-) band {in the sare spectrum. Since 8
good value had been ocbtained for Tapiye, ¢fficiencies
of tne other bapds could be determined.

Unfortunately, most total spectrum scans were
made with & lower chart speed and & higher spectom-
eter acanning speed than was employed in scans
aeross the 3914-} band alone. Thus spectral fea-
tures vere narrowved so that aree determinations are
less relisble than in the 3914-A photametry. Fur-
thermore, fcr all ecane except the two made at high
resolution, relative intensities were determined by
measuring areas in the (derived) power spectra,
rather than by mear wring are2s in the photocurrent
recads and converting to pwer as in the 39144
photometry. For the tvo high resolution scans, band
aress vere measured in the photocurrent trace and
converted to power using calibTstion data appropei-
ate for the vavelsngths at the peaks of the bands.
Coarrections to sll measuremvuts were the same as
those applied in the total efficisncy determination.

Data anl results are presented in Table I.
Esch spectral feature is identified by band systenm,
bandnead wavslength of the incipsl constituent,
and vibrational quantum numbers of hanmds which con-
tribute to the intensity. The ratios of power in
auch band complex to that at 3914 i sre tabulated.
Efficiencies listed are the power retios multiplied
by 0.357%, the efficiency of the 3914-k feature.
(This feature includee the 3868i-) vand, snd its ef-
ficiency i 1.05 times the value of 0.34% ocbtained
far the 3914-) band alooe.)

While there is rether a wide spread in the ra-
tios for particular banmis, the average deviation
from the mean is only 4 to 6% for all except the
3259-1 band in the first seven runs listed. Re-
sults of the high resolution scan with the 7102

of complzx features was possible, aAre not very
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Table I. Power Ratios of Indicated Spectral Features to 391k} Feature and Calculated Efficienciea:
Air Pressure 70y, Electron Energies pear 750 eV.
Na 2P N 1N Ne 1P
3577 &
(0,1)
3(159 A 3(371)& &.3 |
1,0) 0,0 - 4

B tye-- 1) (L,1)  (Lo) 3805k 4oso k (0,0 8123 4 8912 & 10,510 A

Run 2 (2,2) (2,1) (0,2) (0,3) aa 21)  @,0) (0,0)

TR --A 0,362 0.319 0.333 -- -- 1.0 0.233 0.260 0.177

7102 --B 0,188 0.380 0.375 - - 1.0 0.208  0.241 0.178
EML--UV 0.275 0,365 0,326 - - 1.0 -- -- --

Ti2=--C 0.28” 0,38 0.365 - -- 1.0 0,200 0.211 0.155

7102--p 0.228 0,397  0.358 - - 1.0 0.193 0.219 0,149

T102--E 0.332 0,39  0.369 - - 1.0 0.208 0,231 0.167
HRS* ,EMI--0V 0,229  0.332 0.368  0.0%% - 2.0 -- - --
Avernge 0.272 0,364 0.358 0,08 - 1.0 0.209  0.231 0.167
Efficiency ¥ 0,097 0,130 0.128 0,030 -- 0,357 0.075 0.08% 0,060

(1,0) (0,0) (0,1)
only only

HRS*,T102 0,354 0.390 0,322 0.103 0,033 1.0 0.213 0.229 0,204
Efffciency $ 0.126 0,139 0,115 0.037 0,0120 0.357 0.076 0.0%2 0,073

*HRS: 'High"resolution scan,

satisfactary. The efficiency of a component can
hardly be larger than that of the amplex. However,
even in this run, ratios for the first positive
bands agree reasonably well with the average of the
lov resolution seans,

Variation of Efficiency with Beam Energy

Most of the efficiency data were cotained in a
restricted energy range near 700 eV and ut 7Oy
pressure, Same atadies at other energies wvere mde
for comparisen. This 1o of some interest since a
theoretical calculation® indicates that an increasce
by 8 out & factor cf two my be expected in going
fros wir ., 2lec *on energy of 100 eV to 1000 ev,
The measurement is r latively easy to make, The
monochramatar-detectar doserving the ophere vall is

~

set ut the peak of the 3914-} fluarescence.- Assum-
ing that Lhe height of the vhotomultiplier current
reak is proportional to the total band intensity,
One obser es the variation in detectar output as the
electron besm epergy is varied at a constant input
current. If the pressure is held constant, the glow
diminishes in size drastically as the beam energy is
reduced. One might think that a variation merely
reflected an increase in the sphere reflectivity to-
ward the polar region of the gun, wvhere even an ex-
tended glow ic most bright.
can be done {n another way; the pressure cau be de-

However, the experiment

creased along with the decrease of beap energy, so
that the volume of the glov is kept approximately
constant., Figure 6 sh w8 the resvlts of both tech-
niques. In addition, there is a plot obtained with
the bell jar glow held at constant size. The dashed
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Fig. 6. 3914 -} fluarescence vs beam energy. (a) Sphere - constant pressure, (b) Sphere - constant glow
size, (c) Bell jJar - constant glow size, Aversge slope = 1,07, Dashed line corresponds to con-

stant efficiency.

line beside each plot indicates what would be ex-
pected if the efficiency were constent. The light
output apparently increases a little faster t'an the
energy (about as the L.OTth power of the ensrgy),
and this result is not greatly changed by altering
the pressur~ during the run. The light output from
the bell jar appears mcre nearly propartional tc en-
ergy thrn that cbserved from the sphere. Except for
the low point at 85-eV beam energy, the change in
efficiency over the range is not more than 1.2 to 1.

Variation of Efficiency with Pressure

As a carollary to the preceding discussion, one
can perhaps say something about the rressure depend-
ence of the efficiency. The efficiency seems quite
independent of the pressure be ~w 100 y. When pevw
range measurements indicated that the efficiency
could be meesured &t pressures below 70 4, one care-
ful absolute measurement was made at 40 y. This in-
volved & new sphere calibraticn anmd corrections and
a nev carrection for flucrescenct front of the
observing window. But no new cou.sction vas mde
far the loss of the back-scattered electrons, vhich
is probably greater at the lov pressuve. Applying

1k

the old back-scattering correction gave & 391k-}
efficiency of 0.35%. A proper correction would
raise this value to perhaps 0.38%.

The best evidence that the efficiency does not
deperd on pressure below 100 u is in the curves of
energy dependence, where pressure is alsc varied to
maintain constant glow size. In these circumstances
the back-scattered loss and window ccrrections are
about constant.

Of slight possible interest is the fact that
the efficiency is independent of gas flor rate into
the sphere if the pressure gauge reading is held
constant. Pressure gradients and wall impurities
appear to be negligible factors in the resulte.

At pressures from 100 | to 2 mm, there is
pEriced degradation of the efficiency, if the spectra
to be rresented later are carrect. (See the sec-
tion, "Spectral variations with Pressure.”)

Efficiency in Nitrogen

One careful absolute measurement of the 391k}
efficiency in nitrogen was msde. It wvas made near
the middle of a long period separating two calibra-

A LRSS R,
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tions of the sphere, during which perird the sphere
showed an average reflectivity deteriorstion of
about 13%. Taking the sphere deteriomation to be
half of this at the time of the measurement, and
scaling the derived efficiency dowm by 78% to car-
respord to the efficiency in air, one arrived at an
efficiency of 0.33%. The mrocedurc 1o not a happy
oIt s

More significant is a series of measurements on
the 3914-A relative efficiency made in the bell jar
a5 the nitrogen ratio in an atmosphere of ccygen and
nitrogen was varied from zero to 100%, The results
are shown in Fig. 7. It seems clear that the oxygen
has no effect in deactivating this particular excit-
ed state of nitrogen, at least at the 60 pressure
of this experiment.

As a point of interest, a search failed to re-
veal the aurcral green line in the pure oxygen at-
mosphere, even at pressures in the micron range and
at 10-i resolution, although the (1,0) band of 0 at
the same wavelength was itself quite bright, as vas
the (2,0) band at shovter wavelength., A measurement
of the collision cross section for the excitation of
these two states might be vi considerable interest,
but time has not permitted 1:.

100 Y T T L]
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Fig. 7. 3914-} protuction ve No/Oz+Ne retio. The
line misses the origin probably because of
residual N> in outgassing.

Efficiency Measurement with Interference Filter
Potometer

Electron excitetion cross-section measurements
far the 3714-} band of nitrogen have been made by
R. Holland of IASL Group J-10.° His results and
those of some others doing similar work seem to dis-
agree. Since photometry is very much involved, we
decided to see vhat efficiency his photameter would
give foar 8 glow produced in our bell jar. The pho-
tometer utilizes an interference filter to 1solate
the banl at 3914 k (free of that at 388: 1) and, by
baffling, looks at a small solid angle. To use it
for 8 fluarescence measurement with the bell jar
necessitated reflecting the light once in a mirrar
in arder to fit the setup intc & single laboretory
room. The reflectivity of the mirrar was measured
later, but the bell jar quartz window transmission
was simply taken as 92%, representing only the re-
flection losses. A number of measurements made at
67C-eV beam energy in air at 70 u and corrected for
the back-scattering loss gave an efficiency value of
0.34%., The agreement 1s too good, but does lend
confidence in the photoametry of both mograms,

Variation of Efficiency with Beam Current

As indicated previously, in trying to establish
8 carrect operating value for the integrating sphere
bias, & great many plots of light (3914-1) vs bean
cuwrrent have been made. Most of these plots gave a
light variation a 1ittle steeper than the first pow-
er of the current, with the exponent ranging from a
very satisfactory valuve of unity up to 1.08. Typi-
cal 1s & light variation propa*tional to the 1.04th
power of the current. Extensive measurements have
not been made in the bell jar, although sam recent
measurenents indicate a clcse to linear dependence
Bell jar results of six years ago
over five decades, from 10-® to 100 4A, shoved &
nearly linear dependence, This experiment vas later
extended by Holland,?C under canditfons intended to
increase the mrobability of secondary excitation of
ré. Nitrogen at 70-. pressure vas bambarded by a
beam of 840-eV electrons injected parallel to a 200-
gauss magnetic field., Emission at 3914 A was moni.
tared while beam curients were varied from 10 yA to

over two decades,
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5 mA. Light output in the 391s-A band vas propar-
tional to rcurrent over this range. If there is any
secondary excitation in the mresent fluarescence
measurements, it i{s only ¢ "mall factor in the final
results qucted atove.,

SFECTRA

"High Resolution” Spectrum

After low resolution spectra of the flucres-
cence had been obtained in making total efficiency
rasurements, it wvas suggested that & higher resolu-
tion scan of thc spesctrum Lo made for permenent rec-
ord. Accardingly, the monochromator slits were pare
rowed to sbout 1/4 mm, corresponding to & theoreti-
cal resolution of sbout 8 k (actual resolution is
probably about 10 1). Since this represented a
large drop in light input to the instrument below
that at 2-mm slit width, the electron beam vas
chopped and synchronous detection used. The scan-
ning rate was slow to allow sufficient integzration
time fcr noise reduction. Only one such spectrum
har been made, the run teking sbout 10 hours. An-
other would be useful to check on some minar fea-
tures which may be noise. The 13tio of photomulti-
rlier noise to signal is everywhere at least two to
one, 80 it is possible that some of the spectral
fluctuations are not real., In determining the power
at any wvavelength, we Assume that carrections far
the vimiow glow end for the effect of direct illur’ -
nation of the cbserved area are independent of wave-
length. The latter is certainly rot true since it
involves reflectivity of the sphere wvhich does
change vith wvavelength. Whether the ratic of light
cmitted at the window to that diffusely reflected
out of it is & function of wavelength is not cer-
tain, but there is same evidence that in the peri-
pheral regions of the glow the red light increases
relative to that of the 30l4-1 band. The effects of
assuming these corrections to be independent of
wavelength cannct be very serious, however.

The chart reccrd of the photocurrent spectrum
was smoothed out, and data from it and tiie calibra-
tion scan (including carrections ror dark currert
and base-line drift in the latter, vhich was & dc
measurement ) vere put on punched cards and fed into

8 computer,® The machine plotted a spestrum cn &
logarithmic scale. Figure 8, in three parts, shows
the resuits. The spectrum differs rrom those cb-
tained by Davidson and 0'Neil! at much higher mres-
sures and energies, out i3 not much different from
one they ocbtained in nitrogen at mressures compara-
ble to that used here.’> The vand identification is
taken fron their work and from Pearse and Gaydon.?
The spectrum will be of most use in the comparison
and identification of bands observed in high &alti-
tude shots. The dotted portions of the spactrum at
each end vere cbtained at much lower resolution in
the vork on the total fluorescence. These portions
were normslized to the main part of the spectrum by
matching strong features in the overlap rzgions.

Spectral Variations with Pressure

To determine whether there was observable col-
iisional deactivaticn of the fluorescence in the
laboratary system and whether it depended on wave-
length (and how) over various regions of the spec-
trum, a8 number of spectral scans were made with the
integrating sphere, over as wide & Iessure range as
feasible. These scans were made at energies of 750
and 1425 eV at & constant average beam current (the
beam was chopped and synchronous detection used) of
100 uA in all cases. The problem of beam-current
measurement 8gain arose. 3Below 10044 pressure the
4.y sphere bias previously determined appeared about
right for the current measurement. At higher pres-
sures the proper bias became less ap® less certain.
Therefore, characteristic curves of sphere current
vs bies voltage were plotted ai each pmressure, ani
the "correct” bias was chosen as the shoulder point
wh- o curve breaks toward saturation. This
break vecomes less and less distinct and moves to
higher ard higher (always positive) bias \lues as
pressure increases. Whether the true injected cur-
rent wes that read at the bias decided upon is a
moot question. The need far a technique to ensure
knowledge of the injected current is obvious.

The spectra mresented are merely smoothed ver-
sions of the recorded photocwrrents, with no

*Grateful acknowledgment is made to Lois Duncan for
punching the cards and to Dorothy Stam far warking
out the program.
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Fig. 9. Air fluorescence spectrum at various rressures for an electron energy of 750 eV. Note the initial

rise in light ocutpt in the seconmd positive an! first negative systems with the

pressure change

from 30 to 60 4. This is because at 304 the range 1s too0 long and not &ll the energy is dissipated

in the gas. In spite of this the first rositive system far the most part already

light output over this pressure increment.
along the top of the spectrum.

corrections applied. The corrections are implicitly
assumed to be independent of wavelength and [ressure.
e is only interested here in how the various spec-
tral features change with pressure. The window glow
carrection changss with pressure, but since it is
anly 4% at 70 4 and decreases at higher pressures,
the errar is uot serious. Figure 9 shows the re=
sults at 750 eV. The results at 1425 eV are simtlar.
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shows & drop in

Sensitivities for full scale deflection are indicated

All the spectral features appear 4o be degraded with
increasing precsure, but at different rates. The
first positive system of No falls off most rapidly,
then the fira. negative system of Ng s while the No
second positive system holds up best.

Felative peak heights (from the photocurrent
recard) for representative bands av various pres-
sures are given i{n Table II. The height of each
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band is taken as unity at 60-4 pressure. Band effi-
ciencies at this pressure should be close to those
given for 70, with the possible exception of the
first positive btands., Judging from the evidence in
Table II, first positive efficiencies will be scxe-
vhat higher at 604 than at 70u. If one can reli-
ably establish hov any one of the systems actually
depends on pressure, he can determine the dependence
of the others from a detailed reduction of the spec-
tral data, A factar which is ignared is the loss in
beam energy between the gun anode and the sphere,

At high mressures, this is certainly apmeciable,

It is estimated that, at 1 mm pressure, a 750-eV
electron loses about 7% of its energy befare enter-

ing the sphere.

Measwrements from 3000 to 4000 A in tae bell
Jar over a somevhat smaller pressure range indicate
that the degradation observed there .s Quite similar
to that seen in the sphere, (ne feels a little more
confidence in the current measurements made in the
beil jar, sc it may well be that the variations ob-
served in the sphere are not far wrong. Beam energy
loss between the gun anode cnd the irteraction vol-
ume would be similar for the bell jar and tn. sphere.

Meinei Bands

The Meinel bands have been observed in one high
altitude test. Attempts to see th<m in the labaratory
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Table IX € * Deperdence of Selacted Bands

Wave -

Jength

) 5159 3371 3577 3914 B3 €912 10,510
System  Nu2P N22P Mo2P MAIN NolP NolP  NelP
Pressure

T

5¢ 1.00 2,00 1.00 1.00 1.00 1.00 1.00
120 1.01 1.03 1.00 0.98 0.79 0.78 0.78
240 0.t5 0.90 0.86 C.76 047 0.46 0.4k
480 2.0 0.83 0.78 0.60 0.28 0,28 0.26
%0 0.68 0.73 0.64 0,40 C.15 0,14  0.13
Efficiencies

at 70 4 (See

Table I) ".097 0.130 0.128 0,34 ©C,075 0.082 0.060

system vere muderately successful. Since they are
strongly collisionaily deactivated, the cvoservations
vwere made with 750-eV :lectrons at pressures from
50 u to as )ow as feaaibla. The technique vas to
scan selected spectral regions of the Meinel system
and scos other spectrsl feature that wvas not strong-
ly collisionally deactivated. The {C,l) first posi-
tive band of No wvas chosen as the ieference and
egainst which to compare the Meinel banis at various
Jgressures. (The No 1P (0,0) band does not have a
very snort lifetime, but does have a very low colll-
sional deactivation sross section, so it serves
well.] The wark wvas done both in pure nitrogen am
in air. The emergence ~f the Meinel bands at Jow
mressure was most striking in the nitrogen scans,
but similer behevior vas observed with air. To get
15 long an electron veth in the gas at lov jressures
as the cpherc world alaow, the beam was sent through
& 3mall vending electramagret mounted {n the sphere
at the bcam ent=ance part. In the jresence of the
app..led longitudinal field, the beam became & helix,
the pitch and diameter of which vere easily variab-
le--quite & mretty sight when cbserved without the
sphere in place. The ploy was not as successful in
incireasing the light ocutput as hoped, but spectra
were obtained with it nonetheless, Figure 10 shows
the results for som: Meinel banda. All curves rep-
resent uncorrected photocurrent vs vavelength, nor-
mlized to the 10,510-k (0,0) 1P bamd and plotted oo
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a logarithmic scale. Relative to the reference
band, the Meirel system intensity  icrcases by
roughly a factor of ten over the mressure range.

No quantitative analysis of the data has been mde,
and it seems that at best only the 1atio of the de-
activation rate for the Meirel system to that for
the reference band could be cbtained. This migat be
of some interest, however.

CROOS-SECTION MEASUREMENTS

We decided to determine whether some of Hol-
land's cross-section values far the excitation of
the 391k-A vamd could be obtaiped in th: cphere amd
the bell jar, to check that his values were reason-
gble.

Integrating 3phere Measurements

The crots-section measurement is simply ar ef-
ficiency measwerent made at low pressures so that
the beam suffers little energy loss i traversing
the interaction regicu--iz this instance the dianm-
ete. cf the sphere, Thus pressures below 10 y were
used. Ac 10u, & 750~V electron hes & range of
about FTour times the sphere diameter, so it loses
~prroximately 30% of its energy, meking & not very
clean experiment. On the other hand, the cross
gection does not change rreatly fr/= 755 to 500 eV,
80 & rough check can still oe wad

Because of some uncertainty in the capacitence
mancmeter's most sensitive {0- to 3-u) scale, the
change in light output for small pressure changes
was determined and the cross sect* : enpropriate for
the observed differences was cilcy'aved. Excellent
agreement with Holland's results was achieved. This
wus disregarded, however, when work was done with
t“~ bell jar and the apparent role of sec. dary
elsctrons in producing light wvas recognized. The
glier was recalibrated, and the cross section was
redetermined and found to be much too hign. It is
apmurent from the bell jar work that the integrat-
ing sphere cannut give a good value, hecause it in-
tegrates light produced .y secondaries as well as
mimaries, and there is no> way to discriminate be-
tween them.

bell Jar Measurement s

Wher cross-section measurements were made in
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the bell jar, mare trouble vas encountered. FH~l-
land's thotometer gave results in reasomble rzree-
ment with his previous measurement. With our spec-
trometer, however, cross sections about 50% higher
were obtained, though the two instruments had agreed
in the fluarescence efficiency determination. We
found that by sh:tting off all the light from the
bell jar except that emanating from & pArrow strip
coincident with the primary “eam, we could obtain
cross sections in gool agreement with Holland's re-
sults. The volume of gas external to the beam con-
tributcs a la:-ze part of the total light in the bell
jar, and this light should not be incluled in cross-
section measurements. Application of & magnetic
field increases this external glow by keeplug
charged products awvay from the chamber walls.

The bell jer measurements with the spectrome-
ter gave & value of about 7.5 % 10718 cx® for the
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Meinel band enhancements at lovw pressure (all features narmalized to constant (0,0) 1P band height).

cross eaction at a beam energy of 670 eV, which
compares favorably with Heclland's best (interpolat-
ed) value of 7.15 x 10713 cn? at this energy. A
series of measurements with his photometer on the
bell jar also ylelded a velue of 7.5 x 10718 cn?.

erigin of tle External Glow

It is clear that at low pres’ ares about half
of the 3914-} 1ight is emitted external to the pri-
mary collimated beam. This is & surprisingly large
amount, and the question arise: as to its arigin.
We infer that it comes from the sncondary electrons
moduced by the primary beam. Mure quantitative
reazurements on the fraction of 1light externmal to
the beam were made by occulting the primary beam
from the monochromator's field of view with a strip
of black masking tape placed on the window of the
bell jar. With a 25-gauss field applied to bring
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the faint glow in from the walls, the 3914-A light
cbserved was about 40% of the total, at ressures of
0.5 to 6 . Far the first positive (0,0) bvand at
10,510 A, the external light is about 65% _¢ the to-
tal. lilgher magnetic fields reduced the light be-
cause mare of it was then being produced behind the
occulting strip.

It does not seem that this amount of light can
come from primaries scattered out of the beam. The
fact that at lov pressures the beam does not greatly
diminish in intensitv as it traverses the chamber
show, that not meny 1lecirons leave the beam, end
the beam smead indicates that any scattering is
largely small angle scattering. The pressures are
such that the range is from 10 to 50 times the bell
Jar chamber length, so that scattse »d primaries do
not lose much of their energy before striking the
side walls. Q(me trouble with the supposition that
the light is due to secondary electron excitation is
the relatively large extent of the glow in the 25-
gouss field. One might expect even a 50-eV second-
ary clectron to be bent into a circle of no mare
than 1-cm radius. If the glow is mroduced by sec-
ondaries, it is not clear why it extends to about 10
times this radius. The glow dimension seems to sup-

port the idea of glow mroduction by scattered pri-
maries.

This light was stuiied as a function of pres-
sure. The secondary mroduction and primary scatter-
ing per unit length of team should change linearly
with mressure., Light per unit volume produced by
the seconmdaries or scattered primaries should then
increase as the square of the pressure. On the
other hand, if the secondary loses all its epmergy in
the gas, the total secondary light would change only
linearly with pressure-~the primarie: can hardly be
expected to lose all their energy before meeting a
wall. The actual deperdence observed was between
linear and quadratic, so the question is still oren.
The fect remains that considerable light is mroduced

outside the primary beam.

RANGE MEASUREMENTS

Since visual measurements made six years ago
gave ranges considerably longer then those arrived
at by theary and about 20% longer than those meas-
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ured by lehmn and Os~ocd®4 in the 1920's. Further
range measuwrements made during the esent year are
probably woarth repurting, though the previous ones

were not.

Range Measurements in tuc Integrating Sphere

The plot of light output vs energy at constant
messure and coastant current in the integrating
sphere (Fig. 6) shows & yather sherp break into sat-
wretica at a critical voltage. Actually, if carried
to higher voltages, the cw ve tends downward. One
imagines the efficiency to be constant, the total
light increasing in mropartion to the 'nergy. How-
ever, at that electron energy where the beam begins
to expend energy in tne walls surrounding the glow,
the light should begin t= fall off. Studying this
break point as & function of energy will, in princi-
ple, allow one to determine the mressure correspond-
ing to the fixed range as a functi.n of energy.
Making the determimation far two different spectral
bands, as vas dane far the 3914~ amd 10,510-A bands,
allows one to determine whether the range is differ-
ent for different excitations. In the experiment
here, the energy was kept fixed anl the pressure was
changed to effect the change in range. The argu-
ments are similar; it is the optical spalogue of
Lehmen and Osgood's experiment. Typical plots are
shown in Fig. 11. Although the break points cb-
tained by extrapolating the straight parts of the
curve agree well, the light outputs in the two bamds
vary differently with presswre. That in the 3914-}
band is very nearly mropartional to ressure, and
tuat in the 10,510-k bend exhibits & 1.sth-pover
variation. The latter curve also breaks less sharp-
ly. Both of thes: facts suggest that the ratio of
red to biue light is higher in the outer reaches of
the glov. This is also evidenced by the ronounced
reddening of the glow seen when the peripheral re-

gions are compressed toward the beam by application
of & magnetic field. The ranges, hovever. seem to
be the same, judging fram the (extrapolated) break
points. A plot of the pressure vs voltage for a
fixed range equal to the sphere diameter is shown as
(A) in Fig. 12, alang with our other e.jerimencal
curves (B) and (D) (cee next section) and that of
Lehren and Osgood (C) scaled to the sphere diameter.
The integrating sphere results would show better

AR LS

il

MBS AR AL

)

ik

IS

ow

ot

HANGH L

ey



bbbl ani LLLAMALALLLLLLLELLS

i

PHERE LIGHT OUTPUT
=

-~
~

10 1 I S U : i | I T T |

2 4 €6 8 1O 20 40 60 80
PRESSURE,

Fig. 11. Srthere light output vs mressure at 920-eV

beam energy. Oritical ressure taken at
the solid arrows is 40 4 for range equal
to 34-in, sphere diameter. Pressures at
dashed arrovs are in bettep agreemant with
Trange measurements by other methods,

fgreement with other methods if the critical pres-
Fuwre were taken at the dashed arrows in Fig, 11.

Range from Narrow-Field (bservations from the Side

Ancther, and probably mare reliable y» method of
range measurement, i3 similar to the visual method of
estimting the rangs by me ‘surement of the distance
the glor extends from the gun. A phoctometar with a
Tield of viev parrow in the horizomtsal direction is
fixed at one of the windows of the large vacuum
chagmber with the sphere removed. The photometer
views the glov fram the side » receiving light from a
thin, wvedge-shaped volume rerpendicular to the beam
aris. The detectar is an unfiltered rhotomltiplier
sensitive in the visib 2 aud near-ultraviolet range,
Intensity measurem:nts are made as the range is var-
ied by changing the beanm energy, with the messure
and current kept constant. As the beam energy de-
cresses, the light falls off s shown in Fig. 13.
The light decreases linearly over a good part of the
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Pressure-voltage plot far fixed 34-in.
range. The two circle points indicated

by arrovs (solid and dashed) are the criti-
cal points from the 3914-} plot of Fig. 11
carespondingly marked.
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energy range before it tails off, so an exirapola-
tion to zerc light output can be made and & remo-
ducidble and definite energy value obtained. Far
this electron energy and pressure, the range is the
distance from the gun to the point where the photume
eter field of view intersects the beam axis. Pres-
sure is changed, and another light curve is deter-
mintd. Applicgtion of the longitudinal magnetic
field does not significantly affect the extrapolated
end point. The results cotained employing this
technique are reproducible between the bell jar ard
the large vacuum chamber and are shown in the curve
(B} of Fig. 12, which should be considered the most
reliable optical range curve, The points plotted in
Fig. 12 were ottained by multiplying the experimen-
tal pressures by the ratio cf the indicated experi-
mental ranges to 3% in., Visual estimates give long-
er ranges a8 shown by (D}, rather as expected.

Two similar measuremr . were made, with the
monochromtor-detector as the photometer, to check
the sphere results &t two specific bands, the 39lh-A
first nega’ive and the 10,510-1 first positive
bands. To obtain sufficienv light, the slits were
opened to 1 cm! The straight-iine partion of the
cutoff curve was rather short for the 10,510-l band,
but the results indicated that the critical voltage
for thies band wa: from 5 to 10% lower then that for
the 3914-A band, which points to & somewhat longer
range for the excitation of thi first positive radi-

ation.

Range Measurements with a Movable Probe

Other range measurements were made oy moving
a light apd current aetector along the axis of the
glow, rather than moving the glow past a fixed de-
tector. The arrangsment will not be described in
det.il. Suffice it to say that the light probe
is a marrovw-field light collector locking out nor-
ml %o the beam axis in all directions, with the
light brought to an outside detector by a light
pipe. The curreni mrobe is a multigrid protected
Faraday cup. The cup is 3 hollow cone vhose pol-
{shed outside surface directs light down the light
pipe as part of the light probe.

Messwrements Are in reasonable agreement with
those of the fixed rarrow field photoweter, unless

2L

the glow gets too far down the cylindrical vacuum
chamber. The range measured {§ chen much too shr=*:
it is not clear why.

The current probe was unsuccessful, or perhaps
too successful. There are five grids in front of
the cup. The first !s grounded and pert of the
shield. The second, biased negatively, stops slov
electron entry. The third, biased positively, stops
positive ion envry. The fourth, biased negatively,
repels secandary elsctrons ar photoelectrons emitted
from the collector cup. The fifth, at cup (ground)
potential, shields the irside of the cup from the
fields outside and is probably superfluous. Wiih
the grids biassed in this way, the probe was intended
to be senaitive only to high energy electrons, that
is, to electrons with energy sufficient to pass the
first grid. When the probe was moved through the
glow, there was no characteristic break ar identify-
ing feature in the current vs distance plot to which
to assign a range value. A semilog plot gave a very
nice straight line. In retrospect, this perhaps
should have been expected; at any given distance
from the gun there are alvays a few high erergy
electrons vhich manage to reach that point withcut
suffering the narmal amount of enmergy loss, and
their number decreases exponentially with distance.
(ne could tike the range as that distance through
vhich the current falls by l/e, but this is not very
use ful.,
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